Light, fluorescence and electron microscopical analysis of the rooted freshwater plant Ranunculus trichophyllus revealed a peculiar anatomical feature. In addition to the true endodermis encircling the root stele, endodermis-like sheaths occurred around each vascular bundle of the leaf segments and of the eustelic stem with its large central cavity, which assumed an anatomical feature resembling that of some pteridophyte stems. These impermeable sheaths, whose cells differentiate suberized walls, can play a major role in hampering the apoplastic leakage of the pressurized water solution which flows throughout the plant in xylem vessels and contains the mineral nutrients taken up by the roots from the sediment. Moreover, these sheaths can function in preventing flooding of the aerenchymatic cavities of the submerged organs. In this way the endodermis-like sheaths preserve the correct circulation of gas and nutrient solution through the entire organism and assume great significance as a structural mechanism evolved by this species to survive and grow underwater.
INTRODUCTION
For submerged macrophytes, the ability to survive and grow in an aquatic medium depends on the acquisition of morphological and physiological characteristics which enable it to overcome environmental difficulties. Several limiting factors can make it difficult to live under water for a ' secondarily aquatic plant ' which has returned to life under water after living on land (Raven, 1994 ; Orsenigo, Patrignani and Rascio, 1997) .
Besides light attenuation (Middleboe and Markager, 1997) and limitation of inorganic carbon availability for photosynthesis (Madsen and Maberly, 1991 ; Vadstrup and Madsen, 1995) , a slowed supply of oxygen for dark respiration to tissues buried in sediment (Sorrell and Dromgoole, 1989) and lack of transpiration as a driving force for water flow and nutrient delivery (Pedersen, 1994) pose serious problems for a submerged plant. The differentiation of wide lacunar systems can improve gas storage and diffusion and favour oxygen distribution to tissues in the hypoxic conditions frequently suffered by these organisms (Sorrell and Dromgoole, 1988 ; 1989 ; Armstrong, Bra$ ndle and Jackson, 1994 ; Schuette, Klug and Klomparens, 1994) . Moreover, the maintenance of a reduced but functional root apparatus (Agami and Waisel, 1986 ) permits absorption of mineral nutrients from the sediment (Barko and Smart, 1980) . In this way, nutritional deficiencies due to both the scarcity of some essential ions in the water and uptake competition with phytoplankton populations can be avoided ‡ For correspondence. Fax j39-49-8276280, e-mail rascio!civ.bio.unipd.it (Pedersen, 1994) . Furthermore, the nutrient solution can move from root to shoot by a mass transport independent of transpiration and sustained by root pressure and guttation (Pedersen, 1994) . Hydathodes, in fact, are characteristically present at the leaf tips of submerged aquatic plants (Mauseth, 1988 ; Pedersen, Jørgensen and Sand-Jensen, 1997) . Despite the physiological importance of this process, the possible anatomical adaptations connected with maintenance and canalization of apoplastic water transport along the whole submerged plant have not received the attention they deserve (Pedersen, 1994 ; .
The present paper deals with a study of the rooted submerged freshwater dicotyledon Ranunculus trichophyllus Chaix. A structural study has been carried out on this species to define and characterize anatomical strategies adopted to maintain the gas and water flow through the entire submerged organism in the aquatic environment.
MATERIALS AND METHODS

Plant material
Analyses were carried out on plants of Ranunculus trichophyllus Chaix growing from 0 to 1 m below the water surface in a stream of the natural oasis ' Mulino di Cervara ' (Treviso) in North Italy.
Light and electron microscopy
Samples from leaves, stems and roots of R. trichophyllus were fixed overnight at 4 mC in 3 % glutaraldehyde in 0n1  0305-7364\99\010093j05 $30.00\0
# 1999 Annals of Botany Company sodium cacodylate buffer (pH 6n9) and post-fixed for 2 h in 1 % osmium tetroxide in the same buffer and at the same temperature. The specimens were dehydrated in a graded series of ethyl alcohol and propylene oxide and embedded in araldite. Sections were cut with an ultramicrotome (Ultracut, Reichert-Jung, Wien, Austria). For transmission electron microscopy (TEM), ultrathin sections (600 A / ) were stained with uranyl acetate and lead citrate and observed with a transmission electron microscope (TEM 300, Hitachi) operating at 75 kV. For light microscopy (LM), thin sections (1 µm) were stained with basic toluidine blue (1 % toluidine blue and 1 % Na tetraborate 1 : 1 by volume) and examined with a light microscope (Ortholux, Leitz).
Fluorescence microscopy
In order to detect the presence and location of hydrophobic components in cell walls of the submerged organs, fluorescence microscopy analyses were carried out. Fluorescence emission was tested, according to HeslopHarrison (1977) , on fresh, hand-cut, sections of leaves, stems and roots stained with auramine O, a fluorochrome specific for cutin, lignin and suberin. Observations were made using a Zeiss AXIOSCOP (Oberkochen, Germany) epifluorescence microscope fitted with an excitation filter (BP 450-490), a chromatic beam splitter (FT 510) and a barrier filter (LP 520). Micrographs were recorded on Kodak gold II film (200 ASA).
RESULTS
R. trichophyllus has branched stems bearing leaves finely divided into thin cylindric segments (Fig. 1) . In a transverse section viewed under the light microscope, each segment exhibits an epidermis rich in chloroplasts, parenchyma with some intercellular spaces and a single central vascular bundle in which xylem elements are not clearly distinguishable ( Fig. 2 A) . However, fluorescence emission after staining with auramine O (Fig. 2 B chemical test also reveals the occurrence of a casparian strip-like region in the radial walls of the all the parenchyma cells surrounding the vascular bundle. Observation under the electron microscope (Fig. 2 C) confirms the organization in this cell wall of a casparian-like band, with its homogeneous structure and regular straight surface. In this way, parenchyma cells around each vascular bundle assume the characteristics of an endodermis. In younger leaf segments (Fig. 2 B) , this ' endodermis ' is still in the first stage of development with casparian strips, while in older leaves (Fig. 2 D) it reaches the second stage with suberin deposits inside the entire wall. Interestingly, a similar histological feature also occurs in the stem. In transverse section (Fig. 3 A) , the stem of R. trichophyllus shows an epidermis whose cells have thickened (Fig. 3 B) and rather hydrophobic walls and a strongly cutinized surface (Fig. 3 C) , as demonstrated by the positive responses to auramine O. The stem, which exhibits a huge lysigenous central cavity, maintains the primary eustelic structure, with an ordered series of vascular bundles embedded in parenchyma tissue with numerous intercellular spaces (Fig.  3 A) . A vascular bundle (Fig. 3 D) usually shows a xylem cavity and some vessels distinguishable after auramine O staining (Fig. 3 E) due to the positive response of their lignified cell walls. Each bundle is encircled by very small cells which do not look like a mechanical sheath, having unthickened walls. As in the leaf vascular bundles, this surrounding cell layer exhibits features of an endodermis. In the young regions of the stem auramine O positive casparian strips occur in the radial walls of these cells (Fig. 3 E) , while in older stem regions the suberin deposition extends to the entire cell wall and can involve more than one cell layer (Fig. 3 F) . No other cell walls of stem parenchyma show a positive response to auramine O (data not shown). The root of R. trichophyllus, above the absorbing roothair zone, exhibits a small central cylinder and a wide cortical parenchyma with large intercellular spaces (Fig. 4 A) . The intense fluorescence of the walls of the outermost cell layers after auramine O staining (Fig. 4 B) shows their strong hydrophobicity. Fluorescence emission also occurs from the lignified xylem vessels (Fig. 4 C and D) and the suberized cell walls of the true endodermis. In this latter tissue, the suberization can be limited to casparian bands (Fig. 4 C) or extended to the entire cell wall (Fig. 4 D) , according to the root zone age.
DISCUSSION
It has been ascertained that in rooted aquatic plants, and in particular in the ' elodeid ' ones with apical growth such as Ranunculus species, the sediment is the main source of some essential mineral nutrients (Sand-Jensen and Søndergaard, 1979 ; Chambers et al., 1989 ; Barko, Gunnison and Carpenter, 1991 ; Pedersen, 1994 ; Titus and Andorfer, 1996 ; Barko and James, 1998) . The subsequent acropetal mass transport of water from roots to the leaf tips allows the plant to be supplied with inorganic ions as well as with hormones and other root products (Agami and Waisel, 1986 ; Pedersen, 1994 ; . This water flow essential to ensure satisfactory growth, is independent of transpiration , being sustained by root pressure and by guttation from the hydathodes open at the leaf tips (Pedersen, 1993 (Pedersen, , 1994 . For this reason, there may be a requirement to close the apoplastic pathway outside the vascular tissue if uncontrolled escape towards the external medium of the pressurized water solution from tracheary elements is to be avoided. In R. trichophyllus such a requirement could account for the differentiation, in stems and leaves, of parenchymatous cells as endodermis-like sheaths which, carrying on the function of the true root endodermis, surround the single vascular bundles along their whole length, thus isolating them apoplastically. In a first stage of differentiation these cells show ultrastructurally (Gunning and Steer, 1975) and chemicallyrecognizable casparian bands, while in a second stage the suberin deposits extend to the entire cell walls, according to the pattern of dicotyledon endodermis differentiation (Mauseth, 1988) . Unlike in leaves, where it has very rarely been noticed (Lersten, 1997) , the endodermis is more widespread among angiosperm stems and is quite common in subterranean and submerged ones. However, in these kinds of stem a true endodermis generally differentiates, which corresponds to the specialized innermost layer of the cortical cylinder and which encircles the central stele as a single sheath (Mauseth, 1988 , Rascio et al., 1994 . Peculiarly, the R. trichophyllus stem does not exhibit a single endodermis but instead has distinct endodermis-like sheaths around each eustelic vascular bundle, with an anatomic feature which resembles that of some pteridophyte stems (Mauseth, 1988) . This peculiarity can probably be explained by the organization of the R. trichophyllus stem, which has a large central cavity. The major role of all aerenchymatous lacunae of submerged organs is to support the respiratory demand of tissues, by providing them with photosynthetic oxygen produced by leaves Dromgoole, 1988, 1989 ; Schuette et al., 1994) . For this reason aerenchymatous cavities have to be kept gaseous. As in other species (Rascio et al., 1991 (Rascio et al., , 1994 Sorrell, Brix and Orr, 1997) , this can primarily be achieved by isolating the organs from the external water medium by means of thickened and hydrophobic outermost cell walls and strong cutinization of the surface, as well as through the differentiation of an impermeable true endodermis between central and cortical cylinders (Rascio et al., 1994) . However, this latter histological strategy is only functional for organs which have a cortical aerenchyma, as occurs in the R. trichophyllus root. On the contrary, the differentiation, in R. trichophyllus stems, of a single sheath around the central cylinder would have a harmful effect. It could hinder the apoplastic water flow from stele to external environment, but it could not prevent the flux of the pressurized solution from the xylem vessels to the central cavity, due to the absence, around this aerenchymatic cavity, of hydrophobic surfaces able to limit the water spread (Raven, 1996) . On the contrary, the differentiation in both leaves and stem of endodermis-like sheaths around the single vascular bundles canalizes the solution flow along defined and apoplastically closed routes, thus hampering the loss of solution to the outside, while at the same time maintaining the gaseous environment in the stem aerenchymatic cavity, avoiding the risk of its flooding and subsequent plant asphyxia.
Therefore, we propose that the anatomical and histological features of its submerged organs should be included among the major adaptive mechanisms which enable R. trichophyllus to cope with environmental difficulties and to live and grow successfully underwater. It must also be stressed that the mechanisms which allow a rooted macrophyte to supply itself with inorganic nutrients taken up from the sediment assume great ecological significance due to the important role played by this kind of organism in nutrient dynamics and cycling in aquatic systems (Barko and James, 1998).
